By varying thc light intensity and tcmpcrature during growth it is possible to obtain cultures of Rhodospirillum molischianum in which the spccific bacteriochlorophyll contents differ by as much as fivcfold. We used such cultures to compare the changes in the electron microscopic appearance of the cells with thc changes in thc amount and bacteriochlorophyll content of chromatophorc matcrial isolated from cell extracts. Thc cells contained a variable number of internal membranes which arc invaginations of the cell mcmbrane. The shape, size, number, and arrangement of the infoldings varied as the specific bacteriochlorophyll content of the cells changed. In cells with little bactcriochlorophyll, the invaginations were mostly tubular. In cells with largcr amounts of bacteriochlorophyll, the invaginations were disc-shaped and the discs were apprcsscd togcther in stacks of 2 to 10 discs each. Variations in the number of discs per stack could bc accounted for by a simplc statistical model. The average area pcr disc increased with increasing bactcriochlorophyll content. Quantitative estimations of the relative volumcs occupicd by mcmbranes in cells with four different bacteriochlorophyll contents showed that thc amount of internal membranc alone had no direct relationship with the bacteriochlorophyll content of the cells; however, the total amount of membrane (cell membrane plus internal membrane) was directly proportional to the bactcriochlorophyll content. The specific bacteriochlorophyll content of isolated chromatophore material was proportional to the bacteriochlorophyll contcnt of whole cells; the total amount of chromatophore material was independent of the bactcriochlorophyll content of whole cells. Several possible explanations of this paradoxical discrepancy between the electron microscope obscrvations and the analytical results are discussed.
INTRODUCTION
Electron microscopy of non-sulfur purple bacteria has shown that the photosynthetic apparatus apparently occurs in two different forms: vesicular and lamellar. Vesicular elements with round or elliptical profiles are found in Rhodospirillum rubrum (1, 2) and Rhodopseudomonas spheroides ( 1, 3) ; lamellar structures are found in Rhodospirillum molischianum (4, 5) and Rhodomicrobium vannielii (6, 7) . Both sorts of structures have been called chromatophores. The vesicular chromatophores are spheri-cal, electron-transparent regions bounded by a unit membrane; their diameter is about 60 m~. The lamellar chromatophores consist of a variable number of flattened, membrane-bounded discs closely appressed to one another.
In extracts of these bacteria the photopigments (bacteriochlorophyll and carotenoid pigments) are associated with a particulate fraction which has also been called "the chromatophores" or, more circumspectly, "chromatophore material." A considerable amount of biochemical information has been accumulated about this material and in some cases it has been fairly well characterized physicochemically. So far, however, there have been few direct comparisons of the chromatophores seen under the electron microscope with the chromatophore material isolated from cell free extracts.
Cohen-Bazire and Kunisawa have published the results of an electron microscope study of R.
rubrum (2) and, separately, an analysis of the chromatophore material isolated from this organism (8) . In R. rubrum the amount of bacteriochlorophyll (BChl) per cell depends on the conditions under which a culture is grown. When grown under highly aerobic conditions the cells are nearly devoid of BChl; under semi-aerobic conditions the amount of BChl is inversely related to the oxygen tension; and under anaerobic conditions in the light, the amount of pigment is inversely related to the light intensity.
When viewed under the electron microscope, cells of R. rubrum grown under highly aerobic conditions appear to have no chromatophores except for an occasional peripheral vesicle. Cells with small amounts of BChl (grown either semi-aerobically or anaerobically in bright light) contain a number of peripheral vesicles, which can be seen to be invaginations of the cell membrane. Cells grown in dim light with correspondingly large amounts of BChl contain large numbers of vesicular chromatophores. Cohen-Bazire and Kunisawa did not attempt to estimate the numbers of invaginations or vesicles; nevertheless, it was clear that roughly speaking they were proportional to the concentration of BChl in the cells.
On the other hand, in their earlier biochemical investigation, Cohen-Bazire and Kunisawa (8) had shown that differences in cellular BChl contents of R. rubrum could be accounted for almost entirely by differences in the specific BChl contents of the chromatophore material in cell extracts. A logical consequence of this finding is that the amount of chromatophore material is constant regardless of the BChl content of the cells. This is obviously in contradiction to the electron microscopic results. The work described here was undertaken to study this paradox in more detail in the hope of resolving it.
We chose Rhodospirillurn molischianum for these experiments since it seemed to us that the lamellar organization of the photosynthetic apparatus in this species would make it easier to obtain quantitative estimates of the amount of membranous material present in cells of different BChl content. Our results show that the total amount of membrane (cell membrane as well as internal membranes) present in the cells closely parallels the BChl content of the cells. A comparison of these electron microscope observations with analyses of isolated chromatophore material reveals precisely the same paradoxical discrepancy noted in the results of Cohen-Bazire and Kunisawa. We suggest a possible resolution of the paradox.
MATERIALS AND METHODS

Biological Material
The strain of Rhodospirillum molischianurn used was obtained from the collection of Professor C. B. van Niel; it was purified by repeated single colony isolations. It should be pointed out that this strain and the one originally employed by Drews (4) are different. Professor van Niel informs us that his strain is one of the original isolates of Giesberger (9); Drews' strain was newly isolated by him (4). We wcre unable to maintain Drews' strain under conditions which gave rapid and luxuriant growth of van Niel's strain. Thc methods for studying the growth of photosynthetic bacteria which have been described previously (10, ll) were used without major modification. Medium A of Sistrom (10) with succinic acid as carbon source and supplemented with 0.1 per cent casein hydrolysate (medium CSu) was used in the experiments reported in part A of this paper. For technical reasons, the cells used for electron microscopy (part B) were grown in the complete medium described by Griffiths and Stanier (12) . This is referred to here as medium 18a.
We have observed that R. molischianum does not grow well at light intensities much greater than 3000 ft-c in medium CSu and about 6000 ft-c in medium 18a. In order to obtain cells with less BChl than results from growth at these light intensities, it was necessary to incubate the cultures at 24°(2 rather than the usual 34 °. This reduces the specific BChl content by about 50 per cent. All cultures were aerated with 5 per cent CO2 (v/v) in nitrogen.
Protein was determined by the method of Lowry et al. (13) after digestion of the samples in 1 M NaOH at 40°C for 1.5 hours.
The major carotenoid pigments in R. molischianurn are lycopene and hydroxylycopene (14) . They were estimated from the optical density at 472 m# in the same methanolic extracts used for determination of BChl (11). The optical density was corrected for absorption by BChl at this wavelength. A value of 2460 1 per cent was used for the extinction coefficient (El era ) of lycopene in methanol; this is based on the value given by Goodwin and Land (15) for lycopenc in petroleum ether.
The preparation of cell free extracts and chromatophore material was carried out as described by Wordcn and Sistrom (16) , with some minor modifications. The cells were suspended in TSM buffer (0.02 M tris -(hydroxymcthyl) -aminomcthane, 0.01 M MgSO4, and 0.08 M NaCl; pH, 7.8) and ruptured in a French pressure cell at 20,000 lb/in. 2. The extract was centrifuged at 20,000 g for 10 minutes to remove whole cells and large debris; less than 5 per cent of the BChl was lost at this step. The supernatant is termed the crude extract. One volume of crude extract was mixed with 1.5 volumes of a solution of the following composition: 58 per cent (w/v) RbC1, 0.15 M Tris, and 0.077 M MgSO4; pH, 7.8. The mixture, therefore, had the following composition: 27 per cent (w/w) RbC1, 0.1 M Tris, 0.05 M MgSO4, and 0.032 M NaC1. Ninc-ml portions of the mixture were placed in centrifuge tubes and overlaid with 3 ml of a buffer which had the same composition as the mixture but without RbC1; the tubes wcrc centrifuged at 80,000 g for 4 hours. The ribosomes had been scdimcntcd and the chromatophore material was found in a band in the upper part of the tubes. The chromatophorc material was removed, diluted with about 5 volumes of TSM, and centrifuged at 78,000 g for 2 hours; the pellet was rcsuspended in TSM and again centrifuged and finally suspended in TSM.
Dry weight of chromatophore material was determined by precipitating a sample with an equal volume of cold 10 per cent trichloroacctic acid; the precipitate was washed with cold 5 per cent trichloroacetic acid and distilled water, transferred to tared weighing cups, and dried to constant weight at 105°C.
Electron Microscopy
For the electron microscope studics, cultures were grown in mcdium 18a under the following conditions: at 34°C in light intensities of 80, 300, and 6000 ft-c and at 24°C in a light intensity of 6000 ft-c. These conditions of growth gave ceils with the highest and lowest amounts of BChl obtainable and two intermediate amounts. Each culture was grown for at least 5 doublings at a given light intensity and was harvested while in the exponential phase of growth. The cells were collected by centrifugation and fixed in 2 per cent KMnO4 for 4 hours at room temperature. The fixed cells were washed 3 times with distilled water and embedded in 2 per cent agar. Small agar blocks were cut, dehydrated in an ethanol series plus 2 changes of epoxy-propane, and embedded in Araldite (17) . A number of osmium tetroxide fixatives were also tested, including Ryter and Kellenberger's (18) and Millonig's phosphate-buffered OsO4 (19) . Embedding of these was done in methacrylate, ArMdire, or Epon. Sections of the permanganate-fixed material were stained for 20 minutes in Millonig's lead stain (20) . Sections of the OsO4-fixed material were stained with either lead or KMnO4 (21) . Micrographs were taken with an AEI EM-6 microscope.
RESULTS
A. Biochemical Observations
The response of Rhodospirillum molischianum to variations in light intensity during growth is similar to that of other non-sulfur purple bacteria. The specific BChl content of the cells is inversely related to the light intensity and directly related to temperature (Tables I to III) ; the ratio of BChl to carotenoid pigments increases as the specific BChl content increases (Table I) ; and, finally, the spectrum of the cells in the region of BChl absorption changes in a characteristic manner (Fig. 1) . The spectra shown in the figure can be resolved into three components with absorption maxima at 802, 850, and 885 m/z. The exact position of the far red The two cultures grown in a light intensity of 75 ft-c had different pigment contents because of different cell densities at harvesting. Table II, respectively. maximum is subject to some uncertainty because of the relatively low absorption in that region of the spectrum. Comparison of the two spectra shown in Fig. 1 shows that the heights of the bands at 850 and 885 m~ decrease as the specific BChl content of the cells increases and that the height of the band at 802 m/x increases. A more careful analysis has indicated that the 802 and 850 m/~ bands apparently can vary independently of each other. This finding contrasts with the results of a similar but more extensive analysis of the spectrum of Rhodopseudomonas spheroides which showed that the bands at 800 and 850 m~ belong to a single component (22) .
CHANGES IN THE AMOUNTS AND SPECIFIC
BACTERIOCtILOROPHYLL CONTENTS OF CHROMATOPHORE MATERIAL ~l'he results just presented show that it is possible to obtain cultures of R. molischianum with strikingly different specific BChl contents. We have used such cultures to compare changes in the electron microscopic appearance of the cells with changes in the amount and BChl content of chromatophore material isolated from cell extracts. The electron microscopic evidence is presented in part B of this paper; in this section we give the results of analyses of chromatophore material.
For these analyses we have used cultures grown under two conditions: (a) a light intensity of 80 ft-c and a temperature of 34°C and (b) a light intensity of 2000 ft-c and a temperature of 24°C. The specific BChl contents of these cultures were comparable to those of the cultures grown under the two extreme conditions used in our electron microscope investigations.
The results of two separate experiments are shown in Table II . It is clear from these data that the difference in BChl contents of whole cells can very largely be accounted for by the difference in the specific BChl contents of the isolated chromatophore material. In the first experiment we measured the dry weight of the chromatophore material as well as the chromatophore protein. The specific BChl content of chromatophore material from the culture grown in dim light was 10.7 mg BChl per 100 mg dry weight, and of that from the culture grown in bright light, 2.5 mg per 100 mg dry weight. This, of course, is tantamount to saying that the protein content of chromatophore ma- II In experiment 2, the figures in parentheses in these two columns are the amounts in the chromatophore fraction relative to those in the crude extract (per cent).
terial is independent of its BChl content, which was found by Worden and Sistrom (16) to be the case in Rhodopseudomonas spheroides.
We conclude from these data that differences in specific BChl contents of cells of R. molischianum are brought about largely by variations in the specific BChl content of the chromatophore material and that the amount of this material is nearly constant. This is in accord with the results of Cohen-Bazire and Kunisawa with R. rubrum (8) .
It follows from these results that the difference in the amount of chromatophore material must be considerably less than the difference in specific BChl contents of whole cells. This conclusion is substantiated by the data from the second experiment shown in Table II . As can be seen, the specific BChl contents of the whole cells and crude extracts differed by a factor of about 4; however, the amounts of chromatophore protein differed by only a factor of 1.2. It should be noted that, in this experiment, the recovery of BChl was essentially quantitative and furthermore that the loss of BChl during the first low speed centrifugation of the extract did not amount to more than 5 per cent.
B. Electron Microscope Observations
CHOICE OF FIXATIVE
In order to study quantitatively the variation in the amount of membrane present in cells of different BChl contents, it was necessary to find a method of fixation which would clearly reveal the cell and internal membranes. Although osmium tetroxide fixation, especially that of Ryter and Kellenberger (18), has long been the method of choice in studying bacteria, none of the OsO4 fixatives tested was useful for our purposes. Fig. 2 , showing a cell fixed in phosphate-buffered OsO4, illustrates the problem. The cell is so densely packed with ribosomes that the cell membrane is obscured and the piles of internal membranes are only barely discernible (arrows). The problem was solved by fixing the ceils in potassium permanganate. The failure of permanganate fixation to preserve ribosomes (23) is an advantage in the present study in that it allows the internal membranes to be clearly visualized. Fig. 3 is a cell from the same culture as is the cell in Fig. 2 , but fixed in 2 per cent potassium permanganate. The cell wall (ol) and the cell membrane (cm) are now clearly resolved, and one can distinctly see a number of piles of membranes (d) located around the periphery of the cell. The superiority of permanganate fixation in revealing the internal membranes is striking when one realizes that the cell shown in Fig. 2 contained approximately as many piles of internal membranes of the same size and distribution as did the cell in Fig. 3 . Potassium permanganate fixation was accordingly used for all the quantitative studies.
CELL MORPHOLOGY
The cells of Rhodospirillum molischianum, under the conditions of growth described, ranged in shape, within a single culture, from small commashaped pieces of a helix to just over one complete turn of a helix. The pitch of the helix was 6.7 ~, and its diameter was approximately 1.0 #. The cells averaged 5.0 # (or three-fourths of a turn) in length and were roughly 0.5 # in diameter. Over the range of light intensities used, the shape and dimensions of the cells were unaltered.
In electron microscope preparations the cells are seen to be bounded by an 80 A cell membrane of typical unit membrane structure (Figs. 2 and  10 ). The inner layer of the cell wall usually appears homogeneous in permanganate-fixed material (Fig. 10, il) , but in some OsO4-fixed material one can resolve a dense 40 A layer which follows the contour of the cell membrane, similar to that described for R. rubrum (2) . The outer layer of the cell wall resembles a wide (100 A) unit membrane (Fig. 3, ol) . In permanganate-fixed cells this layer appears smooth or gently undulating, but in the best OsO4-fixed material it can be seen to be extended into prominent papillae.
Internally, the cells contain, in addition to the photosynthetic membranes, densely packed ribosomes, areas of fine fibrils (Fig. 2, n) , and spherical electron-opaque granules, 25 to 85 m~ in diameter. These are prominent in both OsO~-and permanganate-fixed ceils and are presumably polymetaphosphate granules (Figs. 2 and 3, p) . Mesosomes were not observed.
STRUCTURE AND ARRANGEMENT OF THE INTERNAL MEMBRANES
Figs. 6 to 9 are cross-sections through cells grown, respectively, in light intensities of 80 if-c, 300 if-c, and 6000 ft-c at 34°C, and 6000 ft-c at 24°C. For simplicity we refer to these as cultures A, B, C, and D (see Table III ). The ceils of culture A contained the greatest amount of BChl, the others decreasing amounts, in the ratio 3:2:1:0.6. Figs. 4, 3, 10, and 5 are longitudinal sections through cells from the same four cultures, again arranged in order of decreasing BChl content. It can be seen in both series of electron micrographs that the cells with high BChl contents contain large piles of membranes, whereas those with smaller amounts of BChl have relatively few membranes. Also, in the two series, the decrease in the amount of internal membranes appears to parallel, roughly, the decrease in BChl content, but even by eye it can be seen that the parallel is not exact. For example, the cells from culture A (Figs. 4 and 6 ) appear to contain considerably more than 5 times the amount of internal membranes present in cells from culture D (Figs. 5 and 9 ).
The internal membranes of R. molischianum are invaginations of the cell membrane, as are the vesicular chromatophores of R. rubrum (2, 3, 24, 25) and Rhodopseudomonas spheroides (3) . This has been shown clearly by Giesbrecht and Drews (5) in lysed cells of R. molischianum and can be seen (Fig. 9, t) . Probably the smallest invaginations in these cells are entirely tubular in shape, but others have widened, disclike apices. In these cells almost all the infoldings are single and are not stacked into piles. However, in about a third of the sections one observes a group of 2 to 6 double membranes which are aligned with FIGURE ~ Cell of Rhodospirillum molischianum fixed in phosphate-buffered OsO4, pH 7.2, and poststained with potassium permanganate. The ribosomes, fibrillar areas (n), and polymetaphosphate granules (p) are prominent, but the internal membranes (arrows) are largely obscured with this fixation. This cell is from a culture (B, Table III) which was growing exponentially at a light intensity of 300 ft-c at 34°C. X 100,000. Table IV . ' Inspection of these data suggested that the variation in the frequencies of stacks with different numbers of discs might be explained on a simple statistical basis. This was checked by comparing the actual frequencies with the frequencies expected on the assumption of a Poisson distribution. To do this, it was necessary to normalize the observed frequencies; the method used is outlined in the Appendix. Comparison of the normalized, experimental frequencies for each culture with the frequencies calculated from a Poisson distribution with the same mean number of discs per stack shows a remarkably close fit. In only one case, culture A, was there a serious discrepancy, and this is largely accounted for by two individual values.
At tile present time it does not seem profitable to pursue this statistical argument further. How-FIGURE 4 Cell from culture A (80 ft-c, 34°C) with a high BChl content. Large stacks of discs are seen cut perpendicularly at d and tangentially at t. This cell and all subsequent ones were fixed in ~ per cent potassium permanganate and poststained with lead hydroxide. X 108,000.
FIoImE 5 Cell from culture D (6000 ft-e, ~4°C) containing one-fifth as much BChl as the cell in Fig. 4 . Very few internal membranes are present. X 1~0,000. ever, it can at least be said that the presence of one invagination does not influence the probability that a second one will arise nearby. This would seem to rule out the possibility that the discs are self-duplicating structures.
Figs. 12 and 13 show the internal membranes of cells from the culture grown in a light intensity of 80 ft-c (culture A) at high magnification. Between the arrows in Fig. 12 are three discs or infoldings. Six unit membranes, each 70 to 75 A wide, can clearly be seen. In this case there is a small 15-A gap between the discs, but in the stack enlarged in Fig. 13 , the unit membranes of adjacent discs are appressed. In OsOcfixed cells, on the other hand, the discs of a stack are always appressed.
Another characteristic of the membranes is that they are not symmetrical. The layer of the unit membrane bordering the interior of the disc (the layer that is continuous with outer layer of the cell membrane) appears denser than its partner in permanganate-fixed cells. This can be seen by studying Figs. 12 and 13, but is more easily observed in the righthand stack in the cell in Fig. 6 . The central region of each disc in this stack can be easily distinguished, since the two lines which border it are more prominent than their partners. 
AMOUNTS OF J.¥~E~CIBRANE IN CELLS WITH
DIFFERENT BACTERIOCHLOROPHYLL CONTENTS
The goal of the electron microscope studies was to determine as accurately as possible the amount of membrane present in cells grown under each of the four different conditions, in order to discover what relationship, if any, exists between the amount of membrane and the BChl content. To do this, electron micrographs were taken of fields of cells chosen at random on a number of different grids representing several blocks of tissue. All the micrographs were taken at a magnification of 40,000 and enlarged photographically 3 times. Approximately 30 of the sharpest micrographs, containing a total of 50 to 100 sections of cells, were selected for each of the four cultures. Each micrograph was traced in its entirety on heavy tracing paper. The outermost dark line of the cell wall was taken as the border of the cell, and this, and the areas of the internal membranes, were carefully outlined and cut out with fine scissors. The tracings of the internal membrane from all the micrographs from one culture were weighed together, as were the tracings of the remaining pieces of the cells. The relative volume of the cell occupied by internal membranes was calculated from these two weights.
As soon as micrographs of cultures C and D were obtained, it was realized that the cell membrane itself is a large fraction of the total membrane in these cells. To determine the relative volume of the cell membrane, a map distance reader was used to measure the total length of cell membrane in all the sections of cells from one culture. This figure -c, 84°C ). Note that the top four discs of the lefthaud stack are connected to the cell menlbrane at the level of the section (arrows). The connection of the fifth disc appears to be just out of the plane of section. X 120,000. -c, 84°C ). This section shows especially clearly that the internal membranes are invaginations of the cell membrane. X 120,000. (Table III) . The fact that the figures are constant indicates that the sample of 50 to 100 cells is adequately large and that our method of analysis is moderately accurate. The only practical difficulty in the method was that occasionally it was not possible to distinguish with certainty an obliquely cut disc from a metaphosphate granule. This usually could be done quite easily, as the granules are smaller than the discs, spherical rather than oval in shape, and located centrally rather than peripherally. However, if in any section there was more than one place where there was any doubt, that section was discarded.
Two other potential sources of error tended to cancel each other out. The membranes in the stacks of discs are actually slightly narrower than the cell membrane (70 to 75 A as opposed to 80 to 85 A). However, in tracing a pile of discs one ineludes the inter-and intradisc spaces. These two factors exactly balanced. In addition, some single discs had a fairly wide central space; this was corrected for by making the tracings slightly narrower than the discs appeared in the micrographs.
The results of calculations of relative membrane volumes are given in Table III . It is evident that there is no direct relationship between the amount of internal membranes alone and the amount of BChl per cell. However, the amount of total membrane (cell membrane plus all its infoldings) is directly proportional to the amount of BChl present.
.~ ~: Since the~rati6!:~f total membrane to BChl (last column in Table III) is so nearly constant, it was desirable to know what this means in terms of the actual membrane area available per BChl molecule. To determine this it was necessary to calculate the cell volume. The cell was assumed to be a helically wrapped cylinder. The average length of the cells in their helical form was determined from photomicrographs of whole cells, and the average actual length of the cells was then calculated from the pitch and diameter of the helix. The diameter of the cell itself was determined from electron micrographs, as it was not possible to measure it with certainty from photomicrographs. The calculations were made on the basis of one monolayer of BChl per unit membrane; that is, two layers of BChl per disc.
If it is assumed that BChl is present on both cell membrane and internal membranes, the average area per BChl molecule is 200 A S for all four cultures. If it is assumed that BChl is on only the internal membranes, the area available per molecule ranges from 60 A S for culture D to 180 A S for culture A.
The greatest source of error in these figures is the fact that the cell diameter was determined from fixed and embedded material which may have shrunk appreciably. To judge from approximate measurements on photomicrographs, the area available per BChl molecule could be up to twice as much, but not more.
DISCUSSION
The results presented in the first part of this paper show that the response of Rkodospirillum molischianum to variations in light intensity during growth is the same as that of other photosynthetic bacteria; this was not unexpected. A more detailed discussion of some aspects of control of photopigment synthesis in this organism will appear elsewhere (26) .
A comparison of the data given in Tables II and  III shows clearly the incompatibility of the electron microscope observations and the analyses of isolated chromatophore material. The data in Table III show that the amount of membranous material (cell membrane plus internal membranes) observed in the electron microscope increased in proportion to the specific BChl content of whole cells. It would seem reasonable to conclude from this, first, that the amount of chromatophore material in extracts would be proportional to the specific BChl content of the whole cells, and, second, that the specific BChl content of the chromatophore material would be more or less constant. However, the data in Table II show that neither conclusion is substantiated. Indeed, just the reverse is found: the specific BChl content of the isolated chromatophore material was proportional to that of the whole cells, and the amount of chromatophore material was more or less constant.
Our findings fully confirm and amplify the results of Cohen-Bazire and Kunisawa with R. rubrum Rhodopseudomonas spheroides grown under essentially the same two light intensities that the total amount of membranous material present in the low light cell is considerably more than 1.7 times that present in the high light cells. Thus in all three species, the same paradox is observed; namely, that variations in the extent of membranous material seen in the electron microscope are not reflected in the amount of chromatophore material isolated from cell extracts.
Let us put the paradox we observed in R. molischianum in more quantitative terms. From Table   II we see that chromatophore protein was 54 per cent of the total protein in the crude extract from cells grown in bright light (culture IV) and 65 per cent of the total protein from cells grown in dim light (culture III); this is a difference of about 20 per cent. It will be recalled that essentially the same difference was found for dry weight. The specific BChl contents of these cultures were 2.4 and 10.1 mg per 100 mg protein, respectively; a 4.2-fold difference. Turning to the electron microscope observations, let us consider only the cultures grown in the two extreme conditions, that is, cultures A and D of Table III . We see that the volume occupied by membranes was 35 per cent of the cell volume in the culture grown in dim light (culture A) and only 6.7 per cent of the cell volume in the culture grown in bright light (culture D); this is a fivefold difference. The amounts of BChl per cell differed by a factor of 5.2. The specific BChl contents, relative to turbidity, of cultures A and D were very similar to those of cultures III and IV (Table V) ; hence, a direct comparison of the two sets of data, such as we have just made, is probably permissible.
These results are, of course, difficult to accept at face value, and we have accordingly considered various possible explanations of the discrepancy. It seems desirable to discuss a few of the more ob- Table II ; cultures A to D refer to Table III . Micrograms BChl per ml of culture with an optical density of 0.1 at 1000 m#.
vious possibilities even though our discussion must be largely speculative.
One trivial explanation can be ruled out. We have already mentioned that in our experiments the recovery of BChl in the chromatophore material was quantitative. This eliminates the possibility that chromatophore material was lost preferentially from extracts of cells grown in dim light.
If the electron microscopic evidence is accepted at face value, then it is necessary to assume either (a) that non-pigmented material was lost by solubilization during preparation of the chromatophore fractions and that this loss was relatively greater in the case of cells grown in dim light, or (b) that the chromatophore material was contaminated and that the contamination was relatlvely greater in the case of cells grown in bright light.
We believe that the first alternative can be ruled out on the basis of the following consideration of the data from experiment 2 of Table II . To take the extreme case, assume that the chromatophore material in the crude extracts from both cultures had in fact the same specific BChl content. Then it is easy to see that the BChl in the chromatophore material from the cells grown in dim light (7.2 rag) would have represented about 150 mg of protein in the crude extract; but there was only 76 mg of protein in this extract.
The second possibility, that the chromatophore material was contaminated, is more difficult to eliminate. The most obvious sources of contamination are cell wall material and adsorption of soluble protein. Worden and Sistrom (16) have shown that in the case of Rhodopseudomonas spheroides the cell wall material is sedimented during the first low speed centrifugation of the crude cell extract. It is very likely that the same was true of at least a large fraction of the cell wall material of R. molischianum;
we believe, therefore, that this is an unlikely source of major contamination.
It is more difficult to rule out the possibility of adsorption of soluble protein. It may be pointed out that to account entirely for the discrepancy between the electron microscope observations and the analytical results, contamination of the chromatophore material would have to have been considerable. Inspection of the data from experiment 2 of Table II , for example, shows that the difference in sedimentable protein between cultures III FIGURE 10 Cell from culture C (6000 ft-c, 84°C). The three discs comprising the stack indicated by the arrow are particularly distinct. The cell membrane (cm) and the inner (il) and outer (ol) layers of the cell wall are well resolved. )< 108,000. is delimited by the two arrows consists of three discs; i.e., six unit membranes. There is a small 15 A gap between adjacent discs. Note that the unit membranes are not symmetrical. The dark layer of the unit membrane bordering the interior of each disc is slightly denser than its partner. X 336,000.
FIGURE 13
Detail of a stack of discs in a cell from culture A. In this stack the discs are appressed to one another. The zones of appression between the first four discs are indicated by arrows. X 336,000.
and IV was about 11 per cent of the total protein in the crude extracts. For this to account for the 5-fold difference in membrane material visible in the electron microscope, it is clear that the amount of chromatophore material from culture IV could have been only about 3 per cent (rather than 54 per cent) of the total cell protein. This amount of contamination is very improbable.
A second feature of our results which argues against a major contamination is the observation, already alluded to, that the protein content of the chromatophore material was independent of growth conditions.
It does not seem profitable to discuss in any detail the variety of possible artifacts in the electron microscope observations. However, it is of some interest to see where we are led if we assume that both the electron microscopic and the analytical results are roughly correct. On this assumption the discrepancy between the two kinds of results can be put in this way: As observed in the electron microscope, a given volume of membrane in cells grown in bright light contains about four times as much protein (or dry mass) as does the same volume in cells grown in dim light. Too fix our idea, we might suppose that a given volume of cell membrane, as observed under the microscope, represents more dry mass than does the same volume of infolded membrane; or, in other words, that the distribution of material between the two sorts of membrane is not the same as the distribution of volume.
We conclude that to an extent the discrepancy between the electron microscopic and analytical results is perhaps due to contamination of the chromatophore material, but the magnitude of the discrepancy is such that we are led to suggest that membrane material of similar appearance in the electron microscope may in fact be quite different in composition.
Localization of Bacteriochlorophyll
One of the principal unresolved problems of the cytology of the photosynthetic bacteria is whether BChl and the rest of the photosynthetic apparatus are located on both the cell membrane and the internal membranes or on the internal membranes alone. There is considerable evidence, reviewed by Vernon (28) , for linkages between the photosynthetic and oxidative systems in those photosynthetic bacteria capable of performing aerobic oxidations. This is what would be expected if BChl and the enzymes of the respiratory chain were built into the same membranes. Worden and Sistrom (16) have also obtained indirect evidence that BChl is present on both the cell membrane and the internal membranes of Rhodopseudomonas spheroides.
On the other hand, Cohen-Bazire and Kunisawa (2, 27) and Drews and Giesbrccht (3) have observed, as we have also, internal membranes even in cells with extremely little BChl. This would be expected if the photosynthetic apparatus were present only on the internal membranes.
The results presented in part B of this paper support the hypothesis that BChl is localized on both the cell membrane and the internal membranes. Under four different conditions of growth, the amount of BChl per cell was directly proportional to the total amount of cell membrane plus internal membrane present in the cell. The simplest explanation for this proportionality is that BChl is uniformly distributed on both the cell and internal membranes. However, we have no independent evidence that the BChl molecules are uniformly distributed. Thus it is possible that the correlation between total membrane and the amount of BChl per cell is merely a fortuitous one and that BChl molecules are present only on the internal membranes and become more widely spaced as the amount of BChl per cell increases. This alternative hypothesis would be more attractive if it required BChl molecules to become more tightly packed as the BChl content of the cells increased, rather than the opposite. Gibbs (29) has previously obtained evidence that chlorophyll molecules become more concentrated on the chloroplast membranes of Ochromonas as the amount of chlorophyll in the developing chloroplast increases.
It should be pointed out that the smallest area available per BChl molecule, assuming that BChl is present only on the internal membranes, is 60 A e. This is not so small as to make this alternative hypothesis untenable in view of the inaccuracies inherent in the calculations and the possibility that BChl molecules may be stacked at an angle to the plane of the membrane.
Thus, although the evidence from this and other studies favors the hypothesis that BChl is localized on the cell membrane as well as its infoldings, direct proof of this hypothesis must await further studies. The best way to resolve this question may be by the direct visualization of BChl in situ.
In our discussion of the discrepancy between the electron microscopic and analytical results, we tacitly assumed, for the sake of concreteness, that BChl is present on both the cell membrane and the internal membranes; however, this assumption is not necessary for our arguments.
APPENDIX
Statistical Treatment of Electron Microscopic Data
We wish to see whether the data of Table IV In order to compare the observed and theoretical frequencies, it is necessary to normalize the observed values. But to do this, the frequency of the zero class, P(0), must be known. Obviously, even the best electron micrographs will not give this frequency. We can, however, calculate a hypothetical value for the frequency of the zero class from the following considerations.
The mean, m, of a Poisson distribution is given by P(1) + 2.P(2) + ... + n.P(n) P(0) + P(1) + ..
. + P(n)
By definition, the denominator is equal to 1 when the frequencies have been normalized. Now if we let m0 be the mean calculated without taking the zero class into account, we can write:
In 0 P(1) + 2.P(2) + ... + n.P(n) P(1) + P(2) + -.. + P(n) BIBLIOGRAPHY
